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“Mouth of the River Rhone.” 
By ADOLPIIE GU~RARD, Inge‘oieur en chef des Pouts et ChanssEes, 

Iugiuieur  en chef du Port de Marseille. 

Translated from the French by L. F. VEBNON-HARCOURT, M.A., M. Inst. C.E. 

THE rivers of Great  Britain  have a  special  regimen, which  presents 
little resemblance to  the  large  rivers of continental  Europe. It 
is therefore  not  surprising  that  the methods employed for the  im- 
provement of the  mouths of the  rivers  should  differ  in  the  two 
localities. 

The regimen of a tidal  river differs completely from a  tideless 
river,  where  the  other conditions are  the same. It appears  there- 
fore impossible that  the methods  adopted, or proposed, in  the  two 
cases can  be compared. The  regimen of the  outlet depends both on 
the  regimen of the  river,  and on that of the sea at   the point  where 
the  fresh  waters  are discharged ; whilst  the circumstances which 
combine to  constitute  what  is termed the regimen, either of the 
river or the sea, are so numerous, 80 varied, and  at  the same time 
so little  susceptible of precise determination,  that it appears 
difficult,  not indeed to define, but  merely  to  state in a general form 
the differences which  may  exist between the  two cases, without 
being  liable  to  errors  or omissions. The  Author  therefore  fully 
agrees  with  the opinion  expressed by Mr. William Shelford, 
M. Inst. C.E., in  his  Paper “ O n  Rivers flowing into Tideless 
Seas, illustrated by the  River  Tiber,”  “that  every  river should 
be  separately studied.” 

In order to  indicate  better  the circumstances  which he considers 
should  be taken  into account in  the  improvement of the  mouths 
of tideless  rivers, the  Author proposes to follow an  inverse  order 
to  that adopted in  the above-mentioned Paper. He will  investi- 
gate one of the most complex instances in existence, namely, the 
outlet of the Rhone into  the Mediterranean, and see how the 
problem might be modified in  other cases. The  study of the 
mouth of the  Rhone  presents a peculiar  interest.  During some 

* Ante, p. 16. 
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centuries  attention  has been directed  to its improvement, that is, 
to  the means of rendering it available for navigation.  Two 
entirely different  methods have been successively applied for this 
purpose;  firstly,  the  construction of embankments,  which  the 
designers supposed  would fix and deepen the  channel over the 
bar ; and secondly, the formation of an artificial  outlet  with locks, 
known as the St. Louis Canal. 

DESCRIPTION. 

The Rhone divides  into  two branches, 5 furlongs above Arles, 
which flow into  the sea by  two  distinct  outlets, 23& miles apart 
(Plate 6 ,  Fig. 1). The  principal  branch,  the  Great Rhone, passes 
by  the  town of Arles, and  going  in a south-easterly direction, 
after a course of about 32 miles, falls  into  the sea at  the  entrance 
of the  Gulf of Foz, about 4 knots  to  the south-west of the  port 
of Bouc. The  other  branch,  the  Little Rhone, has its  mouth  to 
the  west of the  Gulf of Beauduc, near  the  village of Saintes 
Maries ; its  length  is 36 miles. The  island of Camargue, situated 
between  the  two  arms,  like  all deltas, has a triangular  shape, and 
is a low-lying  lerel  tract of land,  rising  near  the  river,  with low 
sandhills on the seashore and lagoons behind. It has  an  area of 
over 178,000 acres. The  waters of both  arms  are  kept  in  their 
channels, up  to  the neighbourhood of their  outlets,  by  embankments, 
having a total  length of about 95 miles;  and  about twenty-five 
years ago a long  insubmersible  dyke was  constructed along  the sea- 
coast, between the  two mouths, which  prevents  the  inroad of salt- 
water on to  the  island of Camargue.  Consequently, the  fresh and 
salt  waters do not come on the  island,  except  through  the  inlets 
which  have been formed across the  embankments, eit,her for irriga- 
tion,  or  for  supplying  the  salt marshes and fisheries; or, indeed, 
when a breach  is made in  the  embankments, owing to  an  extra- 
ordinary flood of the Rhone, or a storm on the sea-coast. 

The  Rhone  at  Arles  has a width of 500 feet a t  low-water  level, 
and its  greatest  depth is 46 feet. Its width below is very  irregular ; 
in  some places it amounts  to 5 furlongs,  and  then  the  channel is 
obstructed  with islands. At  St. Louis, its width is 1,100 feet ; its 
greatest corresponding depth is 25 feet, but  at most over only a tenth 
of the  width.  Lastly,  the distance  between the  two embankments, 
at  the  outlet  into  the sea, is 1,300 feet,  with a corresponding 
maximum  depth of water of 19% feet. The  depth  varies consider- 
ably.  Large  embankment works have been  executed, with  the 
object of regulating  the course of the  river  and  augmenting its 
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depth, consisting of longitudinal  banks  and submersible spurs,  by 
which  notable improvements have been obtained. But  at  certain 
points  between  Arles and the sea, it is impossible to  get more than 
6$ feet  draught of water, because a bank of very  hard pudding- 
stone is encountered,  for a great  length,  right across the river-bed, 
which  the  current  cannot erode. At  all  other points, doubtless, 
the  embanking would suffice to  ensure a fairly  regular channel, 
with a draught of 13 feet of water  up  to  the mouth. 

REGIMES OF THE RHOSE. 

Discharge.-The Great Rhone  alone need be considered, as no 
navigation  exists on the  other  branch owing to its shallowness. The 
total  discharge of the Rhone during  the  greatest floods, a t   thc  
point  where it divides into  two branches, is estimated a t  13,000 
cubic yards  per second. According to  simultaneous observations 
in  both of the  arms,  the  Great Rhone receives 84  per cent., and 
t.he Little Rhone 16  per  cent. of the fl0w.l  Some direct  gaugings 
taken  at Arles give  the  discharge of the  Great Rhone as 650 cubic 
yards  at  low  water, and at  the  highest  stage,  during  the flood of 
1856, 10,200 cubic yards  per second. At  the low stage,  the  total 
fall from Arles  to  the sea is 5 86 feet ; whilst  during  the flood of 
1856, the  greatest on record, the  rivcr rose a t  Arles 18-11 feet 
above the low stage,  or 23.97 feet above low sea-level.2 The  river 
is,  on the  average,  at  or below the low stage for thirty-four  days  in 
the  year ; it is generally at a height of between 1.;. foot and 5  feet ; 
and floods exceeding 142 feet occur once in  four. years. At St. 
Louis, the  level of the  river  greatly depends on the  height of 
the sea. It is generally 1% foot abovc low  sea-level; the  highest 
observed  level, caused by a flood, rose to 6; feet ; and  the  river 
usually  falls once a year down to 2 or 4 inches below low sea- 
level. The maximum  surface-velocity a t  St. Louis is. generally 
13 foot per second ; it attains 8; feet  during  the  greatest floods. 

Gaugings made a t  Arles have enabled the  curve of the dis- 
charges of the  river  to be traced in  terms of the  height of the 
water measured at  the  gauge of that  port. By means of this 

* “Mdmoire sur l’amelioration des  Embouchures du  RhBne. Par M. Swell, 
Inghieur  des  Ponts et Chaussdes.” Beaucdre, 30th May, 1847. . Printed at 
Nimes in 1817. 

2 Low  sea-level is the level adopted for the zero of the  tide  gauge of Fort St. 
Jean at Marseilles, and corresponds, within 4 inches, with  the lowest: sea-level 
observed at that  port and on the s e a a a s t  at St. Louis and Bouc. 
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curve  and  the  daily  gauge  readings,  the  total volume of water 
discharged into  the sea by  the Rhone, in   the  course of a  year, 
was calculated to  amount  to 51,300 million cubic  yards  in 1869, 
and 46,113 million cubic  yards  in 1870. The  Author considers 
that  the first figure  represents  fairly  approximately  the  average 
yearly volume. 

Alluvium.-The Rhone  brings down a considerable q,uantity of 
‘alluvial  matter. In  the  upper  part of its course it carries along 
mud, it brings down sand,  and rolls shingle along. The  shingle 
disappears a t  Sanjean, 44 miles  above  Arles, and none has  ever 
been found below. Between this  point  and  the sea, only  mud 
and  sand  are  found  in  the water. The soil of Camargue Island 
consists  exclusively of these materials, and no shingle is ever 
found  there.  The bed of the  Rhone between Sanjean  and  the 
sea is entirely formed, except in  the  Arles reach, of sand more or 
less muddy  or silty. Attempts  have been very often made to 
estimate  the volume of solid material  which  the Rhone  discharges 
into  the sea. These  investigations, however, present  very serious 
difficulties. The  quantity of mud  and  sand  held  in suspension 
can indeed  be estimated  fairly  correctly  by means of direct experi- 
ments ; but  the difficulty  consists in  determining  the  amount of 
material  which  the  river only  rolls along  its bed and  its sides. 
According to  experiments made forty  years ago, Mr. Surell, 
Iugenieur des Ponts  et Chausshes, who  was  entrusted at  that  time 
with  the  investigations for the  improvement of the mouth, 
estimated  the  quantity of mud  and sand which  the  Great Rhone 
threw  annually  into  the sea a t  223 million  cubic yards,  and  the 
amount discharged by  the  Little Rhone a t  5 2  millions. He 
calculated that  out of the 22a million  cubic yards  brought down 
by  the  Great Rhone, 19% millions  were deposited at  the  mouth, 
and 2 3  millions  were  carried out  to sea.’ 

The  Author  has endeavoured, by means of the lines of sound- 
ings from the  mouth  out  to  the  greatest  depths  in  the sea, obtained 
by  the marine surveyors in  1841 and  in 1872, to calculate the 
quantity of material  which  has been deposited in  this period of 
thirty-one years. He  found that  the silt which  had accumulated 
in  the Gulf of Foz, and  round  the  mouth as far  west  as the 
ancient  Roustan  branch, amounted to 640,490,000 cubic yards, 
which  is  equivalent  to 20,660,000 cubic  yards  annually. It was 
impossible to  extend  this calculation further west, because beyond 
a certain  depth  the  chart of 1872 merely reproduces the  soundings 

* Mtmoire sur I’am6lioration des Embouchures du Rhbne. Par M. Smell.” 
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of 1841. The  value obtained, of 20,660,000 cubic  yards, does not 
appreciably differ from that  which  had been  calculated by &IT. 

Surell.  The  Author  estimates  that  the  total volume is not  far 
from 23,540,000 cubic  yards  annually; SO that  the  average pro- 
portion of the  materials  carried down by the  river  to  the volume 
of water is ~-23.540~0-?0 - -1- I-Ie made daily observations a t  
St. Louis for two  years (1869 and 1870) in order  to  ascertain  the 
amount of silt which is in suspension in  the Rhone a t  B depth 
of 6& feet  and 50 feet from the bank. The  material  was collected 
on filters, and  sent  to  the  kcob des Ponts  et ChaussBes to  be 
analysed. The  total  quantities were found  to be 8,227,376 
tons  in 1869, and 5,669,420 tons in 1870. A cubic  yard of this 
silt weighs  about 2,700 lbs. ; and  the above weights correspond to 
6,841,000 and 4,709,000 cubic  yards respectively, in volume. 
These  figures  bear  the proportions of 7+m and  to  the 
volumes of water,  whilst  their mean does not  amount  to a quarter 
of the  total volume of silt brought down by  the Rhone. 

The proportion of solid matter conveyed by  the  river,  in different 
parts of the  same cross-section, increases rapidly  with  the  depth. 
Mr. Surell  found  that  the  proportion  at  the  bottom, as compared 
with  that  at  the  surface of the water,  might be as 188 to  100; 
but  this  is much  less than  the  actual proportion,  for Mr. Surell 
had  not  taken  into account the  materials rolled along. The 
Author's above-mentioned  observations show that,  at St. Louis, the 
proportion of material rolled along  the bed of the  river is much 
greater  than  the  lighter  matter  held  in suspension, and  justify 
the assumption that  when  the  river, on approaching  the sea, is no 
longer confined by  embankments,  the  greater  part of its alluvium 
is rolled along its bed. This opinion is corroborated by  the  fact 
that   the bed of the Rhone, in  the lower part of its course, con- 
sists of fine sand; for when  the  river is low, immense banks 
appear between Arles  and  the sea, which  are composed almost 
exclusively of sand. On the sea-coast also, both  east  and  west of 
the  mouth,  nothing  but fine sand, more or less silts, is found. 
The  Rhone  therefore  brings immense quantities of sand  into  the 
sea. In the  experiments, however,  made by  the  Author  in 1869, 
1870, and 1871,  for determining  the proportions of silt in  the 
water  at a depth of 6 s  feet, sand  was obtained only  nine  times  in 
eight  hundred  and fift.y observations ; and deposits of sand  are 
found on the  banks of the  Rhone  only  after  the  greatest floods. 
Consequently  the  sand is mainly  driven  along  the 'bottom of the 
river in spite of the fineness of its grains. In  flood-time, the 
sand  travels  in  mass;  and it is not uncommon for whole banks 
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to descend the  river.  Their presence is manifested at  the surface 
by violent eddies, which  appear  to be produced by  an obstacle 
travelling  with  the  current,  but  at a much  slower rate.  These 
banks  have been observed, by  the  aid of soundings, in  the PiBman- 
son and  Roustan branches. Similar movable banks  have been 
observed in  the Loire, in  the  lower  part of its C O U ~ S C . ~  

REGIMEN OF THE SEA AT THE MOUTH 

Heigl~t of the River.-The Mediterranean 
Nice and a t  Cette, experiences very  regular 

FIG. 1. 

OF THE RHONE. 

a t  Mmseilles, as a t  
tides. The  range of 

S E  

Diagram showing  frequency of minds at St. Louis on the Rhone. 

tide  at Marseilles, which  has only been regularly observed within 
the  last few  months, is about 10 inches. Rough  weather produces 
much  greater changes in level. In the  Gulf of Foz, at  the 
entrance  to  the St. Louis Canal, the sea rises 3 feet, and  even 
4 feet,  above the low sea-level during south-easterly  storms. The 
height of 3 feet occurs frequently,  but  the 4-feet level is only 
reached once or  twice  in a year.  The  greatest  height on record 
of 6; feet,  occurred during  an  extremely violent tempest from the 

" M6moire sur les  sables de la Loire. Par M. Psrtiot,  Inginieur des Pouts  et 
ChaussCes." Annales des Ponts  et ChaussCes, 1871, part i., p. 233. '' Note sur 
les rivikres 8. foud de sable. Par  M. L@chalas,  Ing6nienr  eu  chef des Ponts e t  
Chausse'es." Annales des Ponts et Chaussies, 1871, part i., p. 3S1. 
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south-east, on the  25th of December, 1870 ; the sea rose suddenly 
to  this  height,  and  remained  there  long  enough  to flood all  the 
land  to  the  south of the canal. 

Winds.-The annexed  diagram  (Fig. 1) indicates the average 
direction o f  the minds, as gathered from observations  taken a t  
St.  Louis from 1st December, 1864, t o  31st  November, 1876. It 
indicates that  the  prevailing  winds  are  the  north-north-west, or 
mistral,  and  the  south-east,  the  former  blowing  for one hundred 
and  twenty-eight  days,  and  the  latter  for  fifty-six  days, or together, 
on the average,  for 184 days in  the year.  These  winds  are  also 
the st,rongest,  and  raise the worst seas. 

Rough Seas.-A diagram  indicating  the  relative  frequency of 
rough  seas, like  the mind diagram, is given  in Fig. 2, a8 gathered 

FIG. 2. 
N W  N .  N E  

S.W S S E .  

Diagram showing the reIative frequency of rough seas at the outlet of the 
St. Louis Canal. 

from  observations  taken in the  outer  harbour  at  the  outlet of the 
St. Louis  Canal  from 1st January, 1865, to  1st  January, 1877. 

AVERAGE DURATION of ROUGX SEAS from 1865 to 1876. 

Rough 
Direction of Spring. Total. Summer. Autumn. Winter. 
-- ! -__ 

N. 
N.E. 

4.171 

E. 

7'360  0.583 0.306  2.300 
1.139 1.167 0.111 0.528  2.945 
4.000 

34.722 7.889 5.722 11.833 9.278 S.E. 
8.778 1.083 0.528  3.167 

S. TV. 
S. 

0.973 1.111  0.278  1.028  3.390 
0.806 0.444  0.083 0'944 

14.608 I 22.332 1 110.840 37.311 1 36.589 Total . 
44.666  9.194  6.778 14.500 14.194 N.W. 
6.702  1.083 0.802 2.067 2.750 W. 

2.277 

-- 
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Rough seas are most frequent from north-west  and south-east, 
whilst  those from the  south-east  bring  in  the  greatest waves a t  
the  mouth of the Rhone. 

Littoral current.-A permanent  littoral  current from east  to  west 
exists  along  the shores of the  delta of the Rhone, which affects 
the whole mass of water  washing  the shore  down to  depths of 
from 300 feet  to 330 feet. I ts  existence is manifested by  the 
peculiar  form  assumed by the  shore of the  delta  in  depths ex- 
ceeding 100 feet  (Plate 6, Fig. l), and  by  the absence of all  trace 
of deposits  from the  Rhone  to  the south-east of the cone of 
alluvium a t   the  mouth, although  the  nluddy  waters of the  river 
are  very  frequently carried by  the  wind  in  this direction. This 
littoral  current  has a very feeble motion, and its indications  are 
masked by chance local currents,  to whose existence the absence of 
precise observations, hitherto, of the  littoral  current is due. Its 
only effect is to  direct  the most finely-divided matter,  held  in 
suspension by  the sea, in  depths below the influence of the waves, 
namely, in depths exceeding 100 feet. It is powerless to scour 
any  material from the coast, and it does not  penetrate  into  the 
bays. 

Local currents.-The fresh  waters  emerging from the Rhone, in 
calm  weather,  have  usually a south-south-easterly course, and 
then  turn  towards  the  west  and flow away  in  this direction along 
the coast. I f   the  wind is blowing rather  strongly from the  north, 
they  go south. With  strong  north-west winds, when  the  Rhone 
is in  flood, the  turbid  waters  are visible,  even  beyond Cape 
Couronne, abreast of the  Port of Carry, l1 knots  away from the 
mouth. With  fresh winds from  the  south-west,  round  by  south 
to  south-east, they  are  driven  into  the  Gulf of Foz. 

Observations of the  current  issuing from the  Rhone show that 
its velocity does not exceed 33 feet  per second over the  bar, and 
rapidly diminishes as it advances into  the sea. These  currents 
are  only  at  the surface. 

Currents  are often observed in  the  Gulf of Foz, and  along  the 
coast to  the  west of the  mouth,  in calm  weather.  These currents, 
which  are  very slow and of very  limited  extent,  are produced hg’ 
the  tides  and  certain  accidental causes. When the sea rises, it 
flows into  the pools bordering  the coast, such as the  Berre Pool 
(Plate 6, Fig. l), and  when it falls, the  water flows back from the 
pools into  the sea, occasioning currcnts which arc sometimes rery 
strong in the channels leading  into  the sea, and  are noticeable for 
some distance  from the coast. The  canal from  Arles to Bouc 
serves as a drain for a series of marshes ranged  along its route; 
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the pools of the  delta receive the  waters of the  higher  lands,  and 
some small  streams flow into  Berre Pool. The water  from  these 
sources  discharges into  the sea,  causing  local  currents  near  the 
shore. All  these  currents have  such  a slight velocity, that,  though 
they  may influence the direction of the  fresh  water  spread over 
the surface and  the  light silt in suspension, they  are incapable of 
effecting  the  slightest erosion. Lastly,  the 8ea itself,  when 
agitated, produces  currents. 

In the open sea, a  wave +thout wind  causes no onward motion 
of the  water;  but  in a wind-wave, on the contrary, the molecules 
of water, from the surface down to a  certain  depth, experience 
displacements in  the direction of the propagation of the  wave; 
but  these displacements are effected by  an  alternating motion,  for 
the molecules of water,  like the floating  substances,  always  recoil 
to  a  certain  extent  after  their advance. This motion is increased, 
firstly, by  the velocity of the waves, when  this  velocity  is 
sufficient  to  make the wave break;  and, secondly, by  the direct 
action of the  wind on the crests of the waves, driving  forward  the 
upper portions. This motion must  not  be  confused  with  a  current. 
When  a wave,  even without  wind, reaches  a  shore having  a  gentle 
slope, its lower  particles  are checked in  their motion, the shape of 
the wave  is  altered, and  being  further checked it finally  breaks. 
There  is  consequently  an appreciable  motion of translation at  the 
surface  towards the shore,  or, as  the sailors  say, ‘‘ The ships  are 
drawn  towards  the beach.” This motion of translation  at  the 
surface  cannot  occur without  an  inverse motion at  the bottom, 
which  tends t o  increase the effect of the beach on the approaching 
wave. When a wave  breaks upon the beach,  a  portion of the 
momentum of the  water  is expended in  erosion and  in  moving 
about  the eroded  materials ; the  other portion is  preserved by  the 
water,  and no longer  acts in producing an  undulatory motion, but 
effects displacement of the  water  in various  directions, thus 
generating  currents which  sometimes attain considerable  velocities, 
and  are capable of producing  very  great  results in certain cases. 
Some of these  currents  are momentary, as for  instance, the recoil 
at  the  bottom; others  are continuous,  such as the  current  along 
the shore,  which is  stronger  in proportion to  the  length of the 
beach on which it is formed. The force of these  currents  varies 
according to  the direction in which the waves  approach the 
shore. 
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W O R K S  FOR OVERCOXING THE OBSTRUCTIONS AT THE &fOUTII OF THE 

RHOXE. 
The  mouth of the  Rhone is blocked by a bar of sand, nearly  level 

with  the  water,  through  which  the  river forces a  passage to  the 
sea. The  channel  thus formed is  constantly  shifting,  and its 
draught of water  in  certain sections seldom exceeds G feet. I n  
rough  weather  the sea breaks heavily on the  bar,  and  the passage 
is absolutely impracticable. These difficulties have  always existed 
at  all  the  mouths of the Rhone. It is necessary to go very  far back 
in history  to discover traces of the first attempts made to remove 
them. 

Works of Marius.-History relates  that,  in  the  year 103 B.c., 
Marius  having encamped near  the Rhone, and  being  struck  with 
the difficulties which  the vessels bringing provisions experienced 
in approaching him, owing to the  obstructions  at  the  mouths 
of the  river, conceived the  idea of forming a large canal, into 
which  he  diverted  the  greater  part of the  stream,  and whose out- 
let  he placed a t  a safe and commodious part of the coast. Some 
learned archEologists have endeavoured to  trace  in  these works 
of Marius a canal,  analogous to  the  St. Louis  Canal, having a 
dopth of 164 feet, and a bottom width of 328 feet, and  ending 
in  an  entirely  artificial  port  in  the neighbourhood of Foz. The 
work of Marius was  much  simpler, and more rational  in design. 
Kineteen  centuries  ago  the Rhone was no better  than a t   the  
present time. Its depth  at  certain  points  between Arles and  the 
sea did  not exceed 6$ feet, and consequently  Marius had no need 
to form a canal 165  feet deep a t   the  mouth. From a comparison 
of the accounts of the various  authors, Plutarch, Strabo, Yomponius 
Mela, and  the  elder  Pliny,  who  dealt  with  the  subject, it is 
evident  that  the Roman General  only opened out a  new bed for 
the  river,  devoting, a t  most, some months  to  these works. The 
river  had a winding  channel encumbered by sand-banks, and  the 
outlet  was obstructed.  Marius opened out a shorter course into 
which  the Rhone rushed,  abandoning its ancient  channel;  and 
for some time  the new river  and  the  new  outlet presented better 
facilities for navigation. In a few days a rudimentary  canal waa 
dug,  which sufficed to  induce  the diversion. 

The  transformation in  the outlet of the Rhone which occurred 
in  1712 affords the  best idea of the works conceived and executed 
by  the Roman General. Previous  to 1712 the  river  did  not follow 
its present course. At  103 miles above its  present  mouth it 
flowed into a very  winding  branch, called Bras-de-Fer  or Canal 
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du Japon  (Plate 6, Fig. 2) ,  which conveyed all its waters  to  the 
sea by a route  16 miles in  length,  or 54 miles longer  than its 
present course, of which  very  distinct  traces still remain. Along 
the  site of the  existing  channel  there  stretched a line of saline 
pools, which  the collectors of the  royal excise on salt undertook to 
unsalt by admitting  fresh  water  into  these  through a canal, known 
as the  Lannes Canal, with  the object of putting a stop  to  fraud. 
In 1712, the  Rhone  carried  away  the sluice which  guarded  the 
entrance  to  the  Lannes Canal, and  finding a ready-made channel 
leading  direct  to  the sea, by a route  only 52 miles long  instead of 
16; miles, it rushed  along it; and  the  new  channel  thus formed 
was preferable to  the old one. 

In  the  eighteenth  century  the only  works  executed consisted of 
rubble-work  for protecting  the banks, and some groynes. 

Canal from Arles to Bow-The  canal from Arles  to Bouc was 
constructed in  1802. This canal, however, having a depth of 
6 3  feet, and a width in the locks of only 262 feet, became in- 
adequate  directly  steam  navigation  was established on the Rhone. 

Embankment of the Mouth of the Rhone.-In 1840, the problem of 
improving  the  mouth of the Rhone  was again  brought forward. 
Aft,er some important  investigations  by Mr. Surell, i t  was  decided 
t o  seek a solution of the difficulty by  concentrating  all  the 
discharge of the  river  into a single  channel  by means of a  series 
of embankments, so as  to  drive  the whole current over the  bar, in 
preference to  the construction of a lateral canal. The  state of the 
mouths of the Rhone in 1841 is represented on Plate 6, Fig. 3. 

The works  executed  between 1852 and 1857 are shown on Plate 6, 
Fig. 6. The PiBmanson, Roustan, and Eugine  arms on the  right 
bank were closed, and  the secondary branches of Tartane  and 
PBgoulier on the  left  bank ; and  the places of the  banks  liable  to 
scour were protected by  rubble stone. The  embankments were 
terminated a t  a distance of 2,300 feet above the  site occupied by 
the  bar in 1852;  but  when  they were  finished in  1856, the  bar 
was 1,000 feet  further out, or 3,300 feet  beyond their extremities. 
Before the execution of the works, the  draught of water over the 
bar  was  usually 34 feet ; and a  continuous  series of observations, 
made during  the  eight  months from 1st August, 1846, to 31st 
March, 1847, indicated a  maximum of S& feet,  and a minimum of 
49 feet. The  depth of water over the  bar appeared to increase i n  
proportion as  the  embankment works  advanced, though  keeping 
within  the  limits previously observed. In October 1855, although 
all the secondary arms were closed, and  the  embankments executed, 
the  bar  channel  had  barely 6$ feet of water; but shortly  after a 
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very  great flood increased the  depth  to 115 feet. The channel, 
however, gradually  silted up, and  two  months  later,  in  February 
1856,  it had  only a depth of less than 8& feet. After  the  extra- 
ordinary flood of May and  June 1856,  there was a fresh deepening, 
and  at  the  end of September the  depth over the  bar was 1 3 3  feet. 
This deepening,  however, was merely temporary;  and soon after 
there were the same depths as previously, and since then  the 
depth  has  varied between 24- and 93 feet, averaging  about G feet 
(see Table, p, 328). The  failure of the  embankment works having 
been clearly established, it was determined  to  fall back  upon the 
expedient of forming a lateral  canal  with locks ; and  the works of 
the  St. Louis  Canal  were decreed to be of public importance on 
the  9th of May, 1863.  

The St. Louis Canal.-The St. Louis  Canal is shown on Plate G ,  
Fig. 6 ; its arrangements  are  well known. Its draught of water  is 
192- feet a t  low sea-level ; its  width is 100  feet at  the bottom, and 
207 feet at   the surface of the  water.  The  channel  into  the sea 
is 200 feet wide, at   the bottom,  from the shore out  to  the 4-metre 
(13 feet) line, and 656 feet wide from the 4-metre (13  feet) to  the 
6-metre (20 feet) line. The  canal is separated from the  Rhone 
by a lock having a depth of water of 24& feet,  a width of 7 2  feet, 
and  an  available  length of 525 feet. Below the lock, at   the com- 
mencement of the canal,  a  basin has been excavated, 30 acres in 
area, and with 20 feet depth of water. -The works  were begun in 
1863,  and finished in 1873.  

The  St.  Louis Canal is a work of far  greater importance, as 
regards  navigation,  than  the  results  anticipated from the improve- 
ment of the  mouth of the Rhone. The object of the  embankment 
works  was merely to open the  Rhone  to vessels finding a sufficient 
depth  to  get  up  to  Arles;  but  this  depth was restricted  to 64 feet 
a t  low-water level. The  St.  Louis  Canal works,  however, afford 
access to  the Rhone for vessels up  to 20 feet draught, and provide 
these vessels a harbour,  opening  into a sheltered bay, in  which 
they  are  able  with ease to  load and discharge their cargoes. 

The project of the  St. Louis  Canal was from the first very 
fiercely assailed by  the  partisans of the  embankment works, as 
well as by those who considered that  the proper  expedient  was to 
enlarge  the  canal frnm Arles  to Bouc. It was  urged  that  the 
canal would soon be silted  up  by deposits from the Rhone, both a t  
the sea end  and also at   the lock. Most careful  observations, 
carried on for ten  years since 1 8 7 3  to  the  end of 1883,  enable  the 
importance of this objection to be fully  determined;  they give the 
following average  results for one year :- 
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(1) Accretions from the Rhone. 
Entrance channel  to  the  Rhone . . . . .  26,962 
Lock . . . . . . . . . . . . .  2,383 
Basin . . . . . . . . . . . . .  13,638 

Cubic yards. 

42,983 
(2) Accretions from the Rhone and the Sea. 

Canal . . . . . . . . . . . . .  3,983 

(3) Accretions from the Sea. 
Channel in entrance  harbour . . . . . .  17,357 - 

Total volume of accretions . . .  64,323 

The whole  surface  over which  these 64,323 cubic yards  are 
spread is 125 acres, so that, assuming this deposit to be distributed 
uniformly over all  this  area,  the thickness of the  layer would be 
33 inches. 

THEORY OF THE 31OUTH OF THE RHOXE. 

Descr$ion of the Bar.-A plan  and section of the  bar of the 
Rhone, in  July 1873, are  given on Plate G ,  Figs. G and 7. The 
bar,  which forms the  limit of the river-channel on the sea side, 
takes  the  shape of a  sinuous curve,  and,  joining  the shore a t  each 
end,  extends across the whole river-channel,  and,  protruding  into 
the sea, presents its concave face to  the  river  current, as if  the 
current  was  endeavouring  to force it out  to sea. The  plan of 1873 
shows the  channel open to  the south-east. The  channel  frequently 
shifts,  and  wanders  through  every position comprised between S. 
and E. N.E. On its  southern side the  bar assumes the form of 
a very  narrow mound, on whose crest  there  are only a few inches 
of water  at  low  water. To the  north  this mound is replaced by a 
wide plateau  with rounded  contours, approximately level with  the 
sea, on which  at some places land emerges  forming  islets, whose 
surface is  but  little above the  ordinary sea-level; and  along  the 
edge of this plateau, to  the east, the  bank rises, forming a sort of 
shore line alongside the sea. The 2-metre (64 feet) line inside 
indicates  exactly  the configuration of the  river bed adjoining the 
bar channel. On the  south side, the bed of the Rhone is less 
clearly defined, for even the  inside 2-metre (6+ feet)  line follows 
the Curve  of the bar.  These  peculiarities seem to  indicate  that 
the  fresh  water escapes more readily  into  the sea on the  southern 
side than on the  northern,  and  thus manifest  a tendency  in  the 
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bar  channel  to  turn  towards  the south. The  width of the  bar 
channel  in 1873 was 820 feet, a t  a depth of S& feet, and  its 
depth  in  the  fairway was 8;- feet.  Looking at  the  longitudinal 
section along  the  fairway of the  river  (Plate 6, Fig. 7 ) ,  it will be 
observed that inside the  bar  the  depths continue fairly  small for S 

long distance ; whereas  outside, the bottom dips down very rapidly. 
On proceeding further  up  the  river  the  depths increase very 
gradually,  attaining 20 to 23 feet a t  9 furlongs above the bar. 
The bed of the  river accordingly  forms an incline  rising towards 
the  bar. On the sea side, the 10-metre (33  feet) depths  are  only 
525 feet distant from the  crest of the  bar in the pass, which  gives 
an  incline of 1 in 21. To  the  south, as well as to  the  north of the 
pass, the  incline is even  steeper, reaching 1 in 7 on the  south side, 
and 1 in 13 to  the  north-east.  This  steep slope exists  all  along 
the  eastern face of the  bar promontory, from south round to  north- 
east.  Beyond, it diminishes abruptly,  and  only  the  ordinary 
slopes of the beach of the  delta  are found. 

Position of the Pass over the Bar.-Since 1852, the bar-channel 
has been very  attentively watched. Some pilots, inhabiting 
cabins  on the  north-eastern shore of the  delta,  inspect  the pass 
every  day  when  the  weather  permits,  signal  its positions, sound 
the  depths, and steer  the vessels which cross it. 

The  great floods of the Rhone, rising oFer 13 feet on the Arles 
gauge, always open a single pass in  the direction of the  line of thc 
embankments;  and  the  channel between the  ends of the embank- 
ments  and  the  bar follows a straight course. After a flood, the 
pass is  always deeper than at  any  other  time,  having sometimes 
over 115 feet of water.  After a short  time,  the  depth diminishes, 
and at  the same time  the pass gradually  shifts  towards  the  south, 
and  only stops at  the  point  where a line  running  due  east  and 
west is a tangent  to  the 2-metre (6fr feet)  line. The  channel is 
then cum-ed, with its convex side  to  the  north-east.  The pass 
remains  in  this position as  long  as  the  river  at  Arles does not rise 
higher  than G& feet above low-water level.  Floods rising over 
G& feet,  and  under 116 feet, cause disturbances in  the pass ; they 
commonly open a  secondary pass in  an  easterly direction. The 
two passes co-exist, and  neither of them  is deep ; their  depth of' 
water does not exceed 52$ feet, their  instability  is  greater  even 
than  that of the  single pass, and  they oscillate to  the  right  and 
left of their  primitive position. This condition generally con- 
tinues till a great flood  comes down. 

A pass is  never formed in a northern  direction  having  as much 
as 3a feet of water. The channel  leading  to  the  bar modifies its 
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line according to  the position of the pass, starting from  a  point 
about 2,300 feet from the  ends of the  embankments,  its various 
positions being comprised between S. and E. -9 N.E. Such has been 
the condition of the  mouth  up  to  the  present  time since 1862. It 
differs from what it was  formerly when  the Rhone flowed into  the 
sea through several mouths ; it will be changed  again when, a t  a 
time  not  far  distant, Borne secondary mouths  shall have been 
opened. 

Causes of the Formation of Bars.-Opinions differ as to  the causes 
to  which  the formation of bars  at  the  mouths of tideless rivers 
must be attributed. Mr. Surell  has devoted a whole chapter  to 
this question in  his Paper on the  improvement of the  mouths 
of the Rhone.1 After  having reviewed the opinions  expressed 
by Colonel Emy,  who  attributed  bars  to  the pot  de fond; by  the 
physicist Aim6, who explained their formation as the effect of a 
back sea under  current  in  the form of an ,eddy produced by  the 
surface fresh-water current ; and,  lastly,  by  Elie  de Beaumont, who 
regards  bars merely as continuations of the shore lines formed ex- 
clusively  by  the action of the waves of the  sea;  and  after  having 
investigated  the  results at   the mouths of some rivers  and  at  the con- 
fluence of streams, Mr. Surell  enunciates  his opinion on the causes 
producing  bars  at  the  mouths of rivers as follows :-“The for- 
mation of bars depends upon a general  law  which is modified by a 
great  number of causes. A bar is formed because the sea, aided 
by  the  winds and currents,  tends to close the  mouths of the  river, 
It is also formed because the  river,  charged  with  matter and 
opening  out  into a channel  without banks, loses its velocity, 
deposits its burden, and thus forms a shoal for the same reason 
that it forms shoals all along its course directly it spreads out in 
too large a channel.” This  explanation  appears  to  the  Author  to be 
incomplete, as it does not account for  the peculiar forms, so 
characteristic, which  are found in a11 river-bars. The formation 
of bars seems to be a very simple phenomenon, whose causes are 
easily  determined. 

The  actual  bar of the  Rhone is not  the  product of all  the 
matters,  indiscriminately,  which  the  fresh  water holds in SUS- 

pension, but of the  materials  which  the  stream is rolling  along 
the bed when it issues  from the embanked channel  and  spreads 
out  into  the sea. The sea-water in front of the  mouth of the 
Rhone  has a very  distinctly different density, 1 * 027, from that of 

1 6‘ Ne‘moire sur l’amelioration des Embouchures du RhGnne,” p. 48. 
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fresh  water,  and a much  greater cohesion. The  fresh  water does 
not  readily  intermingle  with  the  salt  water.  The  river-water, a t  
the  mouth of the Rhone, spreads  out on the surface of the sea in 
a very  thin  layer,  which sometimes extends as far as 9 or 11 miles 
from the bar. The  layer of fresh  water is so thin  that  the wash 
of a vessel suffices to  bring  the  salt  water  to  the surface, the  salt 
water  being  readily  distinguished,  by  its  dark  blue colour, from 
the  muddy  waters of the Rhone. 

Some observations,  made in  the old Port of Marseilles at   the 
outlet of some sewers which discharge about 1.4 cubic yard  per 
second, have  furnished  the  Author  with some interesting indica- 
tions of what  happens  when a current of fresh  water flows into 
the sea. Samples of water were drawn from different depths,  and 
a t  varying distances  from the  outlet of the sewers. The effluent 
waters were very  dirty,  and were charged  with considerable 
quantities of matter of all sorts. At a distance of 64 feet, the 
surface-water was  turbid,  and measured 0" on BaumB's hydro- 
meter;  at 3$ feet below the surface, the  water  was clear and 
measured 4" like  the  sea-water  itself;  at 3 i  feet from the bottom, 
and  at  the bottom, the  water  was  still clear, and measured like- 
wise 4". At a distance of 330 feet, the surface-water was still 
turbid, and measured 1' ; whilst  the samples collected from below 
the surface gave  the same results as before. Similar  experiments 
repeated  in  the Customs Canal, where  the  depth does not exceed 
10 feet, at  the  outlet of the  great  sewer of Breteuil  Street,  fur- 
llished exactly  the same results. These observations  clearly show 
that  the  fresh  water does not  mix at once with  the  salt  water, 
which  sorts  the  materials of all  kinds coming out of the sewers. 
'The heaviest solid matters  settle a t  the  outlet of the conduits, 
forming at  this  point cones of deposit ; whilst  the  lighter  materials 
are  carried  along  by  the  fresh  water,  which spreads out on the 
surface,  and  are  gradually deposited in proportion as the fresh 
>vater loses its velocity. The sea-water is distinctly separated, on 
the one hand from the solid matters  forming  the cone of deposit, 

on the  other  hand from the  thin  layer of fresh  water spread 
over it ; and its transparency is only affected by  the  very  limited 
proportion of light  materials  which  are  gradually  precipitated 
from  the  fresh  water. 

Precisely the same phenomena occur at  the  mouth of a river 
flowing into  the sea. When  the  fresh  waters of a river reach the 
sea, whose water  may be assumed for the moment to be motionless, 
they  spread  in- a thin  layer over the  salt  water.  Directly  they 
rise  to  the surface of the  salt  water,  they  are forced to abandon 
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the materials  which  they  were  rolling  along  the bottom, and  thus 
accretion takes place round  the  mouth whose contours, on the 
river sidc, are moulded  according  to the forms which  the fluid 
mass successively assumes in  passing from the river-bed to  the 
surface of the sea. The bottom of the river-bed, starting from a 
certain distance above, gradually rises, not  merely  in  the direction 
of the  current,  but also laterally; so that   the surface of the 
accretion on the  inner side has  the form of an elongated  basin, 
over  the sides of which  the  fresh  waters discharge on the  surface 
of the sea. The  drifted  materials  are pushed by  the  river  against 
the sides of this basin, gradually  mounting  the slopes; and on 
passing  the  crest,  they  roll on to  the  outer slope, which is  therefore 
naturally much steeper  than  the  inner sides. The contour of the 
accretion  on the seaward  side would have  the  shape  appertaining 
to a mound formed by alluvial deposit falling over the  crest  and 
rolling on the slope, if the waves of the sea did  not  exert a power- 
ful  modifying action. The accretion thus formed constitutes 
what is called the bar. The  river-water,  finding  an obstacle a t  
this bar, scours itself a passage, in  the same way  as it opens a 
channel  through  the  banks  in  the  river above. It advances, 
forming a new  bar  projecting  in  front of the preceding one, and 
so on. At  the same time  that  these successive bars  are forming, 
whilst  the  body of water follows a well-defined course to reach the 
outermost  bar,  the  waters,  which  spread  out on each side on 
losing  their velocity,  deposit their  burden of silt,  and  thus a  per- 
fectly shaped channel is formed which leads to  the pass over the 
bar. The  action is quite different at  the  outlet of the Rhone into 
the  Lake of Geneva. The  waters of the Rhone, being charged with 
silt,  are  heavier  than  those of the  lake,  and  the  turbid  waters  are 
seen to slide under  the clear water,  and no bar is formed. 

The sea, by means of its waves, contributes  to  the formation of a 
bar.  When waves  break on a coast capable of erosion, they  throw 
back  a  portion of the  materials,  and  tend  to form, with  the heaviest 
portions, a mound along  the shore, which is termed “cordon 
littoral.” These mounds exist in the  Gulf of Foz, and  all  along 
the coast, extending from the  mouth of the  Rhone  to Cette. 
When  the PiBmanson, Roustan,  and E u g h e  outlets  were closed, 
the sea immediately  threw back the  materials from their promon- 
tories, and formed a mound connected with  the coast at  the 
eastern side, and  which,  gradually  growing  towards  the west, a t  
length  united  with  the  other  bank. A short  time sufficed for the 
sea to  bar  the old mouths. The sea thus  tends  to form a con- 
tinuous shore-line  round the promontory of the  outlet. If the 
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Rhone at  any  time ceased to  transport  alluvium, it would equally 
have a bar,  but  in  this case a marine bar. This explains the 
reason why some rivers,  which do not  carry  along  silt,  have never- 
theless a bar  at  their  outlet  into  the sea. Thus  the Neva, whose 
waters  are cleared of silt  in  Lake Ladoga, has a bar  at  its mouth. 
Many  similar examples are found on the  Baltic coasts, in which 
the bar, being of purely  marine  origin,  is even better defined than 
a t   the  mouth of the Neva. The Niemen falls  into  the Curische 
Haff, and its  fresh  waters only discharge  into  the sea through  the 
channel of the  port of Memel, the  last  port of Prussia on the 
Russian  side;  there is a clearly defined bar of sand at  the  entrance 
to  this channel. The  Frische Haff receives the  waters of two 
branches of the  Vistula  and  the  Pregel;  and  the  channel of the 
port of Pillau,  which performs the same €unctions  for the  Frische 
Haff as  that of Memel does for the Curische Haff,  is obstructed by 
a bar of sand. Lastly,  marine  bars  exist  at  the sea extremities of 
the  outlet channels of all the pools of the  south coast of France. 
Sea bars  have  not  the same form  as river bars, and  it is impossible 
that   i t  could be  otherwise,  since the nlethod of their formation is 
essentially different. In plan,  the convex curved  out,line is  not 
suited  to sea bars ; a concave outline  facing  the sea is more stable. 
In section, the sea-bars rise  higher  than river-bars,  as is  natural. 
On the seaward  side, the slope formed by  the  materials  thrown back 
by  the waves, and  which  the  retreating  water of the broken  wave 
scours on its  return  to  the sea, has a curved profile ; the  steeper 
incline at   the  top diminishes  gradually till i t  coincides with  the 
slope of the beach on which  the continuous  shore-line is formed. 
On the land-side, the slope is approximately  straight; its incline 
is less than  that of the  outer slope. 

These forms are modified at   the  bar channel  by  the  waters 
which flow into  the sea. The  bar is depressed ; if fresh  waters flow 
out,  the form assumed by  the  bar resembles a river  bar ; if', on the 
contrary,  only  salt  waters pass through  the  channel,  the  bar is 
less ,high,  and its contours are less well  marked. The sea, con- 
sequently,  may  have a great influence on the formation of bars a t  
the  mouths of rivers. 

Foymation of the Rhone Bar.-The effects of the  two causes 
which combine in  its formation are  easily recognized in  the  bar of 
the Rhone. The volume of sand and silt  discharged  by  the Rhone 
into  the sea every  year  amounts  to 23,540,000 cubic  yards. The 
greater  part of these  materials  are rolled along  the bed on ap- 
proaching  the bar. Also the volume deposited on the promontory 
differs little from the total. volume, since the  amount  which 
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remains  there,  in  spite of the erosions by  the sea, is 20,670,000 
cubic yards. The promontory is developed all  round  the  mouth. 

When  the  waters of the Rhone have crossed the  bar  they  spread 
out in a thin  layer,  extending  several miles into  the sea, whose 
colour is more or less muddy  owing  to  the  extremely fine particles 
of silt held  in suspension. The winds, waves, and  currents  have a, 
powerful  influence in  directing  this surface layer of fresh  water. In  
calm weather, the river  waters  never flow into  the  Gulf of Foz, 
on account of the  surface  currents coming from the pools ; they 
go south,  and  towards  the west, skirting  the coast of the delta. 
In proportion as they  travel  away from the mouth, they lose their 
velocity, and deposit gradually  the  silt which they  held  in sus- 
pension. As northerly winds blow, on the  average,  for one 
hundred  and sixty-one days  in  the year, the  layer of fresh  water 
must go towards  the  south  and south-east during  nearly half the 
year. Observations  show that it extends more than 8 knots  into 
the sea. In these  directions  the accretions from the Rhone dis- 
appear  at a distance of not. more than 5 knots from the mouth. In 
fact,  to  the  south and south-east of the  mouth,  the silt, in  de- 
scending  slowly from the  surface  to  the bottom, traverses  the mass 
of salt  water which  produces the  littoral  current from east  to 
west, and  is  thus  drawn  along  in a westerly direction. The  depth 
of the sea is considerable in  these  parts,  and  the  current suffices to 
make the silt travel  several miles during  the  interval  which it 
occupies in settling down. 

The sea acts on a bar  by its waves and  the  currents  derived 
from them.  The  late Mr. Chevallier, Inspecteur GBn6ral des Ponts 
e t  ChaussBes, tried  to ascertain, by  experiment,  the force of waves 
breaking  against  an obstacle. He found  that  the  greatest velocity 
which  the  water could have at the  point  where it encounters  the 
obstacle is approximately  equal  to  that  which it would acquire  in 
falling  the  height of the wave, namely, o = J 2 g h, where h is the 
height of the wave. Assuming  that h varies from half a metre  to 
5 metres (l - 6 4  foot to  16.40 feet), ?I varies from 3-13  to 9.90 metres. 
It follows from  the above formula that waves having  heights of 
1.G4, 3.28, 4.92, 6.56, 9.84, 13.12  and  16.40 feet, possess the 
same erosive power an the beach as currents  having velocities of 
10.26, 14.46, 17.77, 20.53, 25.15, 29.06  and  32.48  feet  per 
second, respectively. The effects therefore of waves on the beach 
are  infinitely  greater  than those of currents. Observation fur- 
nishes  daily proof of this, for the  slightest  agitation of the sea is 
sufficient to  set  the sands in motion. The  small  daily movements 
of the waves do not modify the contours of the shores beyond 

___ 
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depths of 64 to 10 feet at  the  most; whereas the waves in storms 
act on the coasts of the  mouths of the Rhone down to  depths of 
65 to 100 feet. As the action of waves in  storms depends on the 
form of the  submarine slope at  the  greatest  depths  which  tho 
waves can reach, it follows that  the modifications due  to  the  small 
daily motions are devoid of influence on the effects produced by 
storms. The form therefore of an eroded wave-beaten coast is the 
result,  not of the  little  daily actions, but of the waves in storms. 

The  rough seas which  beat upon the promontory of the  month 
of the  Rhone  are  those from the  west  round  by  south  to  east; 
the  greatest  storms come from the south-east. Turning  to  the 
diagram,  Fig. 2 (page g), representing  the  relative  frequency of 
rough seas  from the various  directions, it is seen that  in  the direction 
of exposure the seas from the  south-east  are  much  the most frequent. 
Out of one hundred  and eleven days of rough seas observed in  the 
course of a year,  there  are fifty-six days from west  round by  south 
to east,  and  thirty-five of these  are from the south-east. The per- 
manent modifications, therefore,  which are effected by  the sea in 
the shape of the promontory of the  mouth,  are  due  to  the action 
of the waves  from the south-east. On the portion of the promontory 
which faces the  south-east,  the sea tends  to  push back the sands, and 
to  drag  into deep water  the  lighter  silt  which it sifts on the slope. 
Its undulations, however, are  hindered  to a certain  extent  by  the 
issuing  currents,  and also by  the presence of the  fresh  water a t  
the surface, because the  fresh  water,  having less density  and 
cohesion than  salt water,  has, under  similar conditions, shorter 
undulations  and  quicker oscillations. The effects of the sea-waves 
are  thus weakened. 

Considering a wave from the south-east, arriving  in  the 
direction A B  (Fig. 3), at  the moment when it begins  to  beat 
against  the south-east  side of the  promontory;  the  line M N 
represents a line of equal  depths  near  the surface, the %metre 
(S& feet)  line for example. When  the  wave  breaks  at  the point B, 
a surface-current is produced following the  tangent B D, and 
a bottom current  in  the direction B C. The  waters  throw back 
towards  the  surface  the  materials  torn from the slope, and  sift 
them ; the heaviest materials  remain  high  up, one portion remains 
a t  B, and  another  portion  is  pushed  in  the direction B D ; the 
lighter  particles  which do not remain  in suspension are  drawn 
away  in  the  direction B C .  Such is the effect produced in a 
vertical slice  comprised between a vertical  plane A B and  another 
plane  infinitesimally  near it. The same results occur a t  B', in a 
slice  infinitesimally near  the  last. But A' B' is not  exactly  parallel 
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to  A B, because the wave, as aoon as it begins  to touch the pro- 
montory, alters its course so that  the  direction  along  which it 
travels  tends  to coincide with  the  normal of the  curves of equal 
depths  at  the  points  where i t  meets  them. It follows, therefore, 
that  the  direction B’ C’ differs slightly from a parallel  to B C. By 
degrees,  as the  wave breaks, it 
loses its momentum by reason of 
the reactions which it experiences ; 
and  its  amplitude diminishes to 
such  an  extent  that,  after  having 
traversed  only a part of the face 
of the promontory, it dies out. 
The  impetus of the  heaviest mate- 
rials  at  the surface of the  water, 
in the directions comprised be- 
tween  the prolongation of A B and 
B D, diminishes gradually on tra- 
velling  northwards ; the surface- 
velocity along B D also  diminishes 
rapidly;  and,  lastly,  the bottom 
motion along B C does not  extend 
much beyond the  direction  south-north,  since observation shows 
that waves no longer break  fully at points on the 2-metre (6frfeet) 
curve  short of the east-west tangent. 

The same effects are produced at  the  southern  portion of the 
promontory, which occupies a symmetrical position to  the  portion 
just considered in  relation  to  the  south-east direction. If,  there- 
fore, no other cause intervened  to  divert  the  alluvium  set  in 
motion by the south-east waves, the  highest shore line  should 
be formed at   the south-east, and develop along  the  eastern and 
southern faces of the promontory,  going towards north-north-west, 
commencing a t  east, on the  eastern face, and  towards west-north- 
west, commencing at  south, on the  southern  face;  and  the  travel 
of the  lightest  materials  along  the bottom would be chiefly 
towards  north-east  and south-west. All  the  southern  portion of 
the promontory,  however, commencing from the east, is lapped 
by  the  littoral  current. It merely forms a continuation of the 
south coast of the  delta, which extends for a great distance  from 
east  to west,  exposing  a very  long  stretch of beach to the sea 
on which  the waves from the south-east break  with  extreme 
violence, not  having encountered the  slightest obstacle in  their 
course. The direction of this coast is most favourable to  the 
formation of currents by the  waves;  and  many times, during 

FIG. 3. 
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south-easterly storms, indications of drift  towards  the west have 
been  observed along  the coast, which seem to denote velocities 
of about 8 feet  per second near  the shore. It follows that  the 
effect of heavy seas from the  south-east  against  the  southern face 
of the promontory must, on the whole, produce a powerful erosion, 
transporting  the  materials towards the west. 

The effect is not  the same on the  northern face for the following 
reason. The  rough seas penetrating  into  the Gulf of Foz find 
a greater  depth on the  eastern  than  the  western side, and a stcep 
shora. They  therefore  travel more quickly  along  the  eastern  than 
the  western side, and  wheeling round they  consequently  always 
begin  to  break at the  eastern side on the  northern beach of the 
gulf.  The waves  accordingly create a current  along  this beach 
from  east  to  west,  which would continue as far as the  mouth of 
the Rhone, i f  its progress was  not  arrested  by  the  jetty of 
the St. Louis Canal. There is,  therefore, no current  along  the 
northern face of the promontory, like  that  along  the  southern 
face, to  carry away the  materials  thrown up by  the waves. This 
explains  why  the configuration of the promontory on the  northern 
side is so different from that on the  south,  and  why  the  accretions 
in  the  entrance  harbour of the  St. Louis Canal  are so slight.  The 
configuration of the promontory at   the  mouth of the Rhone must 
consequently be  constantly  changing.  The  Author  has observed 
its alterations  very  attentively since 1865. Taking a series of 
vertical profiles, starting from the same point  and  approximately 
normal to the 2-metre (6; feet)  and  10-metre (33 feet) curves of 
soundings, he  calculated, for the period  from  1865 to 1876, the 
average  annual displacement of the points of these curves situated 
on these profiles, and  determined  the position which  the 2-metre 
and 10-metre  curves would occupy in  1876 i f  this  average  annual 
displacement  remained the same up to  that date. The curves thus 
obtained  are  givcn on Plate 6, Fig. 4. The  two curves have  pre- 
cisely  the same form ; they only differ in position, and  in  the pecu- 
liarity  that  the 10-metre  curves are  wider  apart  at  their  origin 
than  the 2-metre  curves. The  %metre  curve would attain  the 
position of the 10-metre curve if it was moved, parallel  to  itself, 
1,080 feet  in  the direction c c' (Plate 6, Fig. 4), approximately 
pointing  to  the  south-east,  and  then  turned from south  towards 
north,  through  an  angle of  21' 15'  round the  point c', situated on the 
axis of the line of the  embankments  and  about 2,300 fee t  from 
their extremities. 

The volume by  which  the promontory of the  Rhone  has  in- 
creased  between the 2-metre and 10-metre lines  during  the eleven 
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years from 1865 to 1876 can  be traced  in  the following  manner. 
The  upper  end  being represented by  the surface of accretion a t  
the  depth of 2 metres, the lower end, at   the 10-metre  depth,  will 
be represented by  the  surface bounded by  the same 2-metre curve 
moved parallel  to  itself for a  distance of 1,080 feet towards  the south- 
east,  being turned  at  the same time  through  an  angle of 21’ 15’, 
in a northern direction,  round  a vertical  axis  situated  in  the  line 
of the  axis of the embankments, 2,300 feet beyond their  extre- 
mities, the  origins of the  surface  being  separated from  each other. 
The accretions  therefore at  the mouth, in  their  constant develop- 
ments, undergo a torsion  from south  towards  the  north, from the 
top down t o  depths of 10 metres, which is due  to  the action of the 
waves pushing back towards  the  north a portion of the  materials 
which  they  set  in motion, and  carrying  away  the  rest in a westerly 
direction. Torsion still takes place in  the  greatest  depths,  but  in a 
contrary direction, namely from north  to  south,  as  indicated  in 
Plate 6, Fig. 5. This is due  to  the  littoral  current  which  carries 
the  lightest  materials  towards  the west, and whose influence is 
felt  as  far as the  portion of the promontory facing south-east. 

Owing  to  these  alterations of form, the  channel of the Rhone 
over the  bar  must  turn  gradually from north  towards  the south, 
and  the  stable position of the pass must, consequently,  be  south. 
The  axis  round  which  the 2-metre line revolves to assume the 
position of the  10-metre  line is exactly  the  point beyond which 
the channel  changes according t o  the position of the pass. This 
point,  which  might be called the  centre of torsion of the promon- 
tory,  marks  the  limit  at  which  the effect of the  embankments 
ceases in times of average flow. 

Effects of the Embankments.-The principle upon which  the  system 
of the  embankments executed  between 1852 and 1857 was based 
is laid down as follows in Mr. Surell’s paper  (page 57) :-“The 
bar is a  monument of equilibrium raised at  the  limits of two 
opposing forces, on the one side the  river  with  the  impetus of 
its current, on the  other  side  the sea resisting  the  river  by its 
inertia,  or  beating it back under  the influence of contrary winds. 
Every  change  in one of these forces introduces a t  once fresh con- 
ditions of equilibrium,  and  gives a new form to the  bar.  This is 
the reason why  the  depth of water  in  the passes is  far from being 
the same in  all  rivers.  This is why on the same river, it varies 
according  as the old mouths close up  or  new ones are formed. 
This, lastly, is the reason why it may be hoped that  by  modifying 
the  arrangements of the  mouth, so as to  give a predominance to 
the action of the river, the form of the passes will be also modified 
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so as to increase their  depth,  without, however, their ceasing to be 
shoals." 

It is well  known  what  the works  were that were executed, and 
also that  the  results obtained  were  absolutely nothing.  The pass 
over the  bar  has  not gained in stability,  and  the  depth of water  has 
not been increased. The annexed Table shows within  what  limits 
the  depth of water in the pass over the  bar  has  varied since the 
commencement of the  embankments down to  the  end of 1884 :- 

TABLE GIVING the DEPTHS of WATER  in  the  CHANNEL over the BAR each 
YEAR,  from 1852 to 1884. 

Pear. 

1852 
1853 
1854 
1855 
1856 
1857 
1858 
1859 
1860 
1861 
1862 
1863 
1864 
1865 
1866 
1867 
1868 
1869 
1870 
1871 
1872 
1873 
1874 
1875 

1877 
1876 

1879 
1878 

1880 
1881 

1883 
1882 

1884 

Greatest. 

Feet. 
7.37 
8.20 

11.15 
7.70 

13.78 ( z )  
10.82 
8.20 

11.48 
11.81 

10.17 
8.20 
7.21 
9.01 
9.51 
6.56 
7 .21  
7.37 
9.18 
8.20 
6.30 

11.81 
7.50 

7.60 
7.76 
7'87 
7.37 
8.91 
8.85 
6.56 
9.18 
9.51 
9.18 
7.54 

-- Least. 

1.57 
Yeet. 

4.92 
4.09 
4.92 
5.30 
6.56 
4.92 
7'21 
6.23 
5.73 
5.90 
3.76 

5.24 
4.92 

3-28 
3.28 

4.92 
6.23 
4.59 
3.11 
2.29 
5.90 

5.90 
5.40 

5.24 
4.92 
4.92 
4.26 
3.44 
5.90 
4 .  (19 
5.08 
4.29 

Average. 

Feet. 

6.29 
7.08 
7.30 
9.70 
8'49(') 
6.62 
8.49 
8.13 
8.62 
6.6!! 
5.60 
6.92 
6.32 
5.40 
5.93 
6.19 
7.73 
6.72 
4.48 
4.42 

6.42 
8.59 

6.98 
6.92 
6.29 
7.34 
6 .39 
5.21 
7.67 
7.11 
6.82 
6.03 

4.59(') 

~ ~~~ 

Remarks. 

The  average  depth of water 
has  been  calculated  from the 
maxima and minima depths of 
the twelve  months in each  year. 

(l)  Year in which  the em- 
bankment works were com- 
menced. 

(*) Completion of the em- 
bankment works. 

(3) Depth of water  observed 
from the 25th to the 30th of 
September,af'ter thegreat floods 
of May  and  June,  the  greatest 
floods on record. 

The embankments have  had a marked influence on the develop- 
ment of the promontory-it could not be otherwise. The  Author 
has investigated, from it series of profiles drawn  perpendicularly to 
the  outer slope of the promontory, how this development has 

Downloaded by [ University of Sussex] on [19/09/16]. Copyright © ICE Publishing, all rights reserved.



~apers.1 GUBRARD ON MOUTH OF THE RIVER RHONFL 329 

operated, year  by year, in  depths of 2 and  10 metres, from  1841 to 
the present  time. Taking  the  tines  as abscissas, and  the displace- 
ment of the  points on the 2-metre and 10-metre lines as  ordinates, 
the  curves were drawn  which  indicate  exactly how  these two  lines 
of soundings  change  with  the tines.  These  curves are  not  given 
here,  since they  are  but of secondary interest  in  relation  to  the 
improvement of the mouth. It will suffice to  state  the facts which 
they manifest. The progressive motion of the 2-metre and 10-metre 
curves was more rapid  towards  the  north  and  north-east before the 
construction of tho  embankment works than  at  the  present  time ; in 
the direction  east-north-east, the embankments have  not  had  any 
influence. Within  the  limits of the passes, the 2-metre and 10-metre 
curves advanced  much quicker between  1854 and 1860 than pre- 
viously ; but since 1860, the progression has  not been more rapid  than 
before 1852. To the  south,  the development of the promontory has 
notably slackened. The  embankments  have  thus  had  the effect of 
diminishing  the accretions on the  northern side, and still more on 
the southern  side;  but, on the  contrary,  have increased them  in 
their  direct line, though  only  during a limited period extending, a t  
the most, down to  the  present time. 

The mean yearly displacements of the 2-metre and 10-metre 
curves,  calculated for the period from 1865 to 1876 in  the 1-arious 
directions, are  given in  the following Table :- 

Direction. 
%Metre  Curve.  10-Metre  Curve. - 

Feet. Feel 
- 

N. . . . . . . . . .  21.45  47.86 
N.E. . . . . . . . . .  212.47 196.85 
E. . . . . . . . . .  152.65 106.63 

Line of embankments 166.05  (209.98 165.69 

S.E. . . . . . . . . .  208.37  215.16 
S. . . . . . . . . .  21.87  44.29 

. . . .  

These figures are  only applicable to  the period of eleven years 
from 1865 to 1876, for the progressive motion of the promontory 
is far from  being  uniform. 

The  attempt made in 1852-57 is particularly  instructive.  The 
embankment works have  not fixed the  channel;  their influence, 
except under exceptional circumstances, does not  extend more than 
2,300 feet beyond their  ends;  and  they  have  not produced any 
deepening of the pass over the  bar.  The deepening observed after 
great floods does not  result from the  larger volume of water  im- 
pelled  over the  bar, because it does not occur till some time  after 
the cessation of the flood : it is produced because, the  great floods 
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having  inordinately developed the promontory in  thc  line of the 
embankments,  as soon as the flood has passed away  the waves 
remove the accidental  projection, destroying it up to a point  where 
the  depth  in  the  channel is greater  than over the bar. This is 
the way that a temporary  deepening is obtained,  which  the  Rhone 
and  the sea soon obliterate, the  deepening  being caused by  the sea. 

According to some gaugings  taken  by Mr. Surell,’ the  east 
branch  only discharged Q of the  total volume of the Rhone  previous 
to  the construction of the embankments. The  augmentation of the 
volume of water impelled  over the  bar in the proportion of 3 to 7 has 
not produced any deepening. The  greatest floods, during which the 
river  throws over the bar  a volume of water  ten times greater  than 
its ordinary discharge, do not increase the  depth of water over the 
bar. Hence follows an  interesting  fact  that  the  depth of water  in 
the pass is, to a certain  extent,  independent of the discharge of 
the  stream,  and consequently of the absolute quantity of alluvium 
which it brings down. The  very  important conclusion to be drawn 
from this  fact is, that  absolutely no advantage would be gained  by 
prolonging  the embankments in  the same direction, whether  they 
were widened out, or made to converge. The action of the sea, 
therefore,  can alone be reckoned upon for deepening the pass over 
the  bar. 

The embankments  make the Rhone flow out  in  the direction 
exactly opposed to  the course of the waves in  the most prevalent 
storms, namely, the waves  coming from the south-east. The sea 
accordingly tends most to  raise  the  bar  at  the  very  point  where 
the embankments  were  designed to form the pass. The sea may 
be said not  to  have  any action at  the  north of the promontory. 
At  the  southern face, on the  contrary,  the  materials are turned 
over by  the sea, and carried off towards the  west  by  the waves, by 
the  resulting  currents,  and  by  the  littoral  current. It is, therefore, 
along  the  south face of the promontory that  the sea would con- 
tribute  to  the  least possible extent  towards  raising a bar, and 
would act  the most energetically  to disengage the pass of the 
materials  which would tend  to  obstruct it. The  embankments 
would  consequently have  had more chance of success if,  instead of 
being  directed  towards  the  south-east,  they  had been inclined 
towards  the south. All  the  results  that could possibly be expected 
from  embankments at  the  mouth of the Rhone would have been 
obtained, if,  instead of closing the secondary  branches so as  to 

“ IMmoire sur l’am6lioration des Embouchures du Rlhne. Par M. Surell,” 
p. 26. 
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concentrate all  the  water  in  the east  branch, the works had been 
limited  to  the construction of two embankments, suitably directed, 
at  the  mouth of the  Roustan branch as near as possible to  the bar, 
leaving  all  the  other branches open ; for it is at  the point where 
the Roustan branch opened out,  assuming it inclined  towards south- 
south-east, that  the action of the sea is  the most energetic. It is 
very  doubtful  whether  the desired result, namely, a fixed channel 
with a depth of from 114 to 13 feet over the bar, would have been 
even thus  obtained because the conditions are unfavourable. The 
river  bar of the Rhone is much too high,  and is constantly forming. 
There is, moreover, no  permanent  current capable of removing 
the  least  material from the beach, and it would therefore be  only 
possible to reckon on the action of the waves for clearing  the  bar ; 
but  this action is not continuous, and often it only  operates a t  
very  long  intervals. 

CONCLUSION. 

The preceding investigation shows how  numerous and varied 
are  the conditions which it is necessary to  take  into consideration 
for the  improvement of the  mouth of a tideless  river. The dis- 
charge of the  river;  the frequency and  extent of its floods; the 
quantity  and  nature of the  alluvium  carried down by  the current., 
and, on the seaward  side, the winds, waves, currents,  the deposits, 
and  the  density of the  water,  are  all circumstances which deserve 
careful  investigation on the spot before beginning  any  important 
works. 

Tideless rivers  which  carry down silt  have  always a bar  at  their 
outlet  into  the sea. The  bar is further off in  proportion as  the 
river  brings down larger  quantities of alluvium. The pass over 
the  bar is more stable  in proportion as the  rirer  has fewer floods, 
and  these floods are  less powerful. The  depth of water  in  the 
bar-channel does not  change when the volume of water  in  the  river 
is increased, even to a considerable extent,  and it is, therefore, to 
a certain  amount  independent of the flow of the  river.  The deep- 
ening of the pass over the  bar  is more easily  attained  in propor- 
tion  as  the  materials  brought down are  lighter,  and  their volume 
smaller. When a river does not  carry silt, like  the Neva, or  like 
the  streams  which flow into  the sea a t  Memel and  Pillau,  the  bar 
is formed by  the sea ; in  such a case it is always feasible, wit.h a 
suitable  arrangement of embankments, to fix and deepen the pass 
over the bar. 

The  winds  have  only  an insignificant direct influence on the 
bar; but  the waves which  they raise on the Bea are susceptible of 
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the  greatest effects. The effects produced by  the waves, and  by 
the  currents  which  they create, do not  result from the  little  daily 
actions, but from the  disturbances caused by storms. The waves 
act  only  intermittently,  at  intervals more or less distant;  their 
action will therefore not be efficacious if the formation of the  bar 
is continuous, as  in  the case of the Rhone, where  the  quantity 
of alluvium is large enough, even  when  the  river  is low, for 
the  bar  to form and develop. The effects of waves on a beach 
depend  very  much cm the  angle  at which they  attack  it,  and  there- 
fore the position of the mouth, with  regard  to  the direction of the 
waves in  the most prevalent storms, is a very  important  point for 
consideration. 

The  permanent  littoral  currents  have a very  great influence on 
the conformation of river-mouths. It is not necessary that  they 
should possess a great velocity, for a force which acts  continually, 
and  impels  an immense mass of water, is capable of producing 
very  great effects. 

Very  little  attention  has  ever been  devoted to  the influence that 
the difference in  density of fresh  and  salt  water  may  have on 
the regime of the  mouths of rivers flowing into  the sea. This 
influence, however, is considerable, even though  the difference in  
density does not exceed 2 * 7 per cent. Fresh  water, even when 
fully  charged  with silt, does not  mingle  with  salt  water  by pene- 
trating horizontally-a very curious circumstance, which  proves 
that  the cohesion of sea-water, owing  to its viscosity, is not devoid 
of influence. The  fresh  water spreads  over the surface of the sea 
in a thin  layer,  abandoning  all  the  materials which it rolled  along, 
and  these  are  the  materials  which form the bar. If  by  any means 
the  waters of the  river could be  prevented from expanding  into a 
thin  layer  at  the moment they  are crossing the bar, without on 
that account directing  all  the  alluvium on to  the pass, a con- 
siderable  deepening of the pass would doubtless  be obtained. This 
leads the  Author  to  the conclusion that,  in  certain cases, it would 
be possible to effect an improvement at  the  mouth  by means of 
two  lines of staging,  or piles suitably spaced and connected 
together  at  the  top  by  walings  and  ties  at  the  ordinary  water- 
level, these  stagings  being  carried  out beyond the bar.  Special 
conditions, however, are necessary to  enable  this  system  to be 
applied, which do not  exist at  the  mouth of the Rhone.1 

* A trial of this form of embankment was made, in 1820, by Mr. Rossi, at the 
mouth of' the Regii Lagni, a small  stream  which flows into  the sea to the north 
of Naples, and has given good results. A description of the works, and  the 
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The  height of the  bar depends on the  density of the sea-water. 
If the sea-water had  the same density  as  the  river-water,  the 
accretions at   the mouth would have  an analogous form to  those of 
the  banks found u p  rivers,  namely, banks more or less raised, but  
very elongated and  with  very  gentle slopes. The waves and 
currents would have a greater hold on these deposits, and more 
power to disperse  them. The continuous  shore-line also would be 
less  high.  The  bar is consequently less high,  and more easily 
lowered, in proportion as  the  density of the sea-water is less. 

On comparing  the  mouths of the Danube and  the Rhone, a 
striking difference is  apparent  in  the configuration of their accre- 
tions.’ (Compare Plate 6, Fig. 7, with Fig. 8 ; and  Plate 6, Fig. 6, 
with  Minutes of Proceedings Inst. C.E., vol. xxi., Plates 7 and 8.) 
The  Danube  bar nowhere emerges. The cones of deposit at  the 
Kilia  and  St. George mouths  terminate  in  vast flats, approximately 
horizontal, on which  there is hardly more than 1 foot or 2 feet of 
water, and whose external  dopes  are much less steep  than  that 
of the promontory of the Rhone. The  Sulina  mouth  has  only a 
rudimentary promontory. The  Sulina  bar is lower than  that of 
the Rhone ; and its inner  and  outer slopes are  quite different to 
those of the Rhone bar,  being  approximately equal (Plate 6, 
Figs. 7 and 8). There is every  indication  that  the  waters of the 
Danube, in  penetrating  into  the Black Sea, encounter  a less resist- 
ance than  the  waters of the Rhone in flowing into  the Mediter- 
ranean.  This  peculiarity is explained, to  a great  extent,  by  the 
low density of the  waters of the Black Sea. Thus  the  density of 
the  waters of the Mediterranean at   the mouth of the Rhone is 
1 e027 ; whereas the  density of the  waters of the Black Sea, at  a 
distance of 50 miles  from the Bosphorus, is only 1 *017,* and it 
diminishes on proceeding to  the  north-west between the  mouths 

effects that  they have  produced,  will  be  found in a  Paper by Mr.  Baumgarten, 
Ingenieur  en chef  des Ponts  et  Chaussies,  published  in  the  Annales  des  Ponts 
e t  Chaussees, 1853, part i., p. 290. Mr. Baumgarten  attributes  the lowering of 
the  bar  to the effect of the piles of the  stagings on the waves aud  the  littoral 
currents. This explanation  appears  to the  Author to be insufficient. 

1 The Author’s  remarks are confined to the  charts accompanying Sir Charles 
Hartleg’s  first  Paper on the  Delta of the  Danube,  and to the section of the  bar 
i n  1857, previous to the execution of the  piers at  the  Sulina  mouth; but the 
Translator  has  added  in a dotted  line the section of the bar in 18i3, after  the 
completion of the piers, as  gathered from the  chart accompanying Sir  Charles 
Hartley’s  second  Paper  (Minutes of Proceedings Inst. C.E.,  vol. xxxvi., plate 27). 
-L. F. v. H. 

2 This information  was  furnished by Mr.  Dieulafait,  Professor of the  Faculty 
of Scieuces at Marseilles. 
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of the Danube and  the shores of the Crimea, amounting  near 
Eupatoria  to only 1.0017.1 

The  density of the  waters of the  Baltic Sea is reduced to 1 9 004 
at  the  port of Libau  in Courland,  according to observations 
made by  the  Author  in 1881, and it is eVen less in R i p  Bay, 
in  the Gulf of Finland.  The  banks of sand  obstructing  the 
mouths of the Nova are depressed, with  very  flat slopes ; and 
the  crest of the  bar  in  the  navigable  branches  has a length of 
several miles. 

The  mouths of the  Dwina  and  the  Windau,  and  the channels of 
3Iemel and  Pillau,  have  bars ; but  the  banks of sand  which form 
them  present  the same peculiarities  as  those of the Nova, and solid 
jetties suffice to  maintain passes of from 13 to 15 feet deep  over 
the  bar. 

Essent ia l  differences  between  Tideless and 11idal River-mouth.- 
After  the preceding  analysis, little need be added to show  how 
completely the problem of the  improvement of the  mouth of a 
river is changed, when,  instead of a tideless river,  like  the Rhone, 
the Danube, or  the  Tiber, a river flowing into a sea subject  to 
high  tides  has  to be considered. Owing t o  the tides, large  quan- 
tities of salt  water  enter  and leave the  river  at  regular  intervals. 
The  entrance  and outflow of the  salt  water  takes place under 
special conditions which  require  investigation.  Here  again  the 
density  and viscosity of the sea-water  exercise a great influence, 
and it is a mistake  not  to  take  them  into account in  the considera- 
tion of river-mouths. The sea-water at  the  mouth of a river is 
distinctly separated from the  fresh  water ; but  the  line of demarca- 
tion does not follow a vertical plane, across which  the  waters 
gradually commingle. The  tidal  water, moreover, does not act as 
a dam, entirely  stopping  the mass of fresh  water,  and  in  rising 
Beep back the  river  water,  only forcing it up-river at  the moment 
mhen the  currents reverse their course. On the  contrary,  the 
fresh  water  spreads over the  sea;  and  when  the  tide rises, the 
salt  water  at a  definite period, which could only be  ascertained by 
experiment, penetrates  into  the  river,  introducing itself like a 
wedge  between  the bottom of the river-bed and the mass of fresh 
water flowing out above it, and  this occurs some time before the 
current is reversed. The  Author  has observed this  fact  many 
times  at  the lock of the St. Louis Canal, where moreover the  tides 
are very feeble, their  rise  being  generally  only 10 inches. The  fall 

1 This information  was  furnished by Mr. Trichaud, director of the salt works of 
saki on the Crimean  coast, near Eupatoria. 
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at  the lock amounts  to a  few inches  only  when t.he river is low, 
being comparable to  the  range of tide which is experienced below 
the lock. The  gates  are immersed in  fresh  water on their  upper 
side, and  in  salt  water on their lower side, whose density exceeds 
that of the  fresh  water  by 0.027. The  total  statical pressure on 
the lower  side of the  arched  gates is equal to  that on the  upper 
side  when the  upper  water-level is only 42 inches above the lower 
water-level. If,  owing  to  the tide, the lower  water-level  rises 
slightly above this limit,  the pressure below exceeds the  pressure 
above, and  the  gates open of themselves to  an  extent  varying  in 
proportion to  the difference of the pressures, and  the  water from 
the  upper  level  rushes  through  the  gates over the  salt  water. 
Along the bottom, at  the same time, a current is generated up- 
stream, which is rapid  enough t o  prevent a wooden sounding-pole, 
which  has been sufficiently weighted  to  sink  to  the bottom, from 
being held upright. 

At  the  mouth of a river  when  the  tide rises, the  salt  water 
which  penetrates  into  the  river  enters between the mass of fresh 
water  which continues to flow down, and  the bottom of the  river- 
bed, taking up again  the  alluvium  which  the descending current 
had deposited. It attacks  the deposits with more force in  pro- 
portion as its mass is greater,  and  its action is exerted  in a  direc- 
tion  exactly opposed to  that of the  current  which  has  brought 
them down ; and it holds the  materials more easily  in suspension 
in proportion to its greater  density.  When  the  tide falls, the 
same salt  water  returns  to  the sea, always  along  the bottom. The 
erosion is more powerfully effected in proportion as the  salt  water, 
flowing  along  the bottom and  charged  with  silt, is more dense 
than  the  salt  w+ter on the outside. The  salt  water, moreover, 
instead of spreading over the  surface  as  fresh  water would do, 
flows along  the bottom and  carries along with it, beyond the 
mouth,  the  materials i t  has eroded from the  bar  which  tended 
to form. 

The  tides produce currents  along  the coast affecting large masses 
of water, whose energy  is increased at  the  mouths of rivers  by  the 
filling and  emptying of the  estuary ; and  the deposits eroded from 
the  bar  are  carried  far away. This  readily  explains  the absence 
of a bar  at  the  mouths of rivers which bring down large  quantities 
of alluvium,  but  which  are cxposed to  high tides, and  that  many 
of these  rivers,  opening on to coasts traversed a t  times by rapid 
currents, do not form the  slightest delta. 

The  regimen of the  mouth of a tidal  river, accordingly, differs 
completely  ffom that of a  tideless river.  The improvement of the 
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mouth in the former case seems as if it should  be always possible ; 
whereas  in  the  latter case, special conditions are  requisite for 
success which  rarely exist. The method to be  adopted in  the 
latter case is quite different to  that  which is generally applicable 
in the former case. 

The  Paper is accompanied by numerous illustrations, from 
which  Plate 6 and  the Figs. in  the  text  have been  reduced and 
engraved. 
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